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Introduction
Visual short-term memory (VSTM) is the ability to hold visual information in memory for several seconds (Baddeley, 2003) . VSTM provides an essential gate between perception and cognition, allowing the retention of sensory information for higher cognitive processing (Baddeley, 2003) . Although the precise limits on VSTM capacity are debated (Cowan, 2001 )(and appended commentaries), it is clear that capacity varies between individuals (Conway et al., 2001; Vogel & Machizawa, 2004; Vogel et al., 2005) .
VSTM changes across development (Park et al., 2002; Riggs et al., 2011) and is affected in many neurodevelopmental (Attout et al., 2017; Costanzo et al., 2013) and mental health conditions (Girard et al., 2018) . Understanding the neuro-anatomical basis of VSTM has the potential to inform our basic understanding of cognitive capacity and has clinical relevance to disorders affecting VSTM and the potential for remediation. The map theory of VSTM capacity postulates that topographic maps found in early sensory (Sereno et al., 1995) and higher cognitive (Silver & Kastner, 2009 ) regions may place limits on cognitive capacity, as items must compete for actual, 'bounded', space (Franconeri et al., 2013) . According to this model, one would predict a linear relationship between VSTM capacity and gray matter volume (GMV) of specific cortical regions. Such a relationship has indeed been reported by two recent neuroimaging studies; one reporting a positive association between VSTM and GMV of the primary visual cortex (V1) (Bergmann et al., 2016) , the other reporting findings in the left inferior parietal lobule (Konstantinou et al., 2017) . These findings provide support for the map-based theory of VSTM capacity and raise the possibility that other cortical areas might also play a role in limiting VSTM.
The intraparietal sulcus (IPS) is a cortical region that plays an important role in visuospatial attention and memory (Corbetta & Shulman, 2002) . The IPS is topographically organized into 6 distinct regions, each containing a topographic 'map' of the contralateral visual field (Silver & Kastner, 2009 ). The posterior IPS (IPS regions 0-2) makes white matter connections to early visual areas such as V1 (Bray et al., 2013; Greenberg et al., 2012) , and is believed to send topdown signals to influence sensory salience in the visual cortex (Lauritzen, D'Esposito, Heeger, & Silver, 2009 ). These brain regions (V1 and IPS0-2) are part of the dorsal visual stream, which has been suggested to be particularly vulnerable to neurodevelopmental abnormalities . Deficits in dorsal stream function are present in several neurodevelopmental disorders including patients with Williams and Turner syndrome, who also show deficits in VSTM (Attout et al., 2017; Cornoldi et al., 2001; Costanzo et al., 2013) . In the case of Turner syndrome, VSTM deficits are concurrent with reduced GMV in posterior parietal and occipital regions (Zhao & Gong, 2017) , as well as abnormal shape of the right posterior IPS (Molko, Cachia, Riviere et al., 2003) . Taken together, the known involvement of IPS0-2 and V1 in visuospatial processing, along with concurrent findings of VSTM impairment and right posterior IPS and visual cortex abnormalities in TS, suggests that these regions may play a central role in limiting VSTM capacity and related deficits.
Taken together, a map-based theory of VSTM capacity, in combination with findings in neurodevelopmental populations, suggests that GMV of the right posterior IPS regions 0-2, in addition to early visual regions such as V1, may place constraints on VSTM capacity. In the present study we used voxel-based morphometry of T1-weighted magnetic resonance images to extract GMVs of V1 and IPS0-2 regions of interest (ROIs) using a probabilistic atlas (Wang et al., 2014) , in 32 healthy young adults. We characterized VSTM using two assessments and correlated volumetric with cognitive measures. For comparison with previous findings, we also assessed associations between voxel-wise GMV and VSTM on a whole-brain basis. We found that total brain volume predicted VSTM, and individual ROIs did not add predictive value. At the whole-brain level, VSTM associated with GMV in the left parietal/temporal lobes and right putamen, though only when total brain volume was not accounted for. Our results suggest that VSTM is unlikely to rely on individual brain regions and may be more accurately associated with distributed representations.
Methods

Participants
All participants provided informed written consent, and the study was approved by the Conjoint Health Research Ethics Board at the University of Calgary. Inclusion criteria for the study were having normal or normal-corrected vision and right handedness. Participants were recruited from the University of Calgary student community and consisted of 32 young adults (aged 18.1 -36.1, mean = 22.2, SD = 3.69, M/F = 16/16) having no history of neurological or psychiatric conditions. Participants received financial compensation for participating.
VSTM measurement
VSTM was assessed using a set of computer-based tasks programmed in the PsychToolbox (http://psychtoolbox.org/) in MATLAB (The Mathworks Inc., Natick, MA, USA). VSTM was assessed in a session that preceded MRI acquisition by several hours up to one month. Two assessments of VSTM were administered; the dot memory task, an assessment of location VSTM, and the modified span board task, which assesses location VSTM, but also includes a cognitive control component as it requires remembering both the location and order in which stimuli were presented.
In the dot memory task (Miyake et al., 2001 ), participants viewed a 5x5 grid and were asked to remember the location of items that flashed in the grid. Throughout the task a grayscale background was shown. At the start of each trial they were shown black gridlines for 1s followed by a set of black circles that appeared in specific locations in the grid for 750ms. The circle diameter was equivalent to the height and width of the grid cells. The dots disappeared, and participants were instructed to click in the grid cells to indicate where the dots were shown.
There were no time limits within trials. The number of locations to remember increased from 3-7 across a total of 25 trials, with 5 trials for each number of locations to remember. Between each level there was a 2s pause during which a fixation cross was shown. The task was scored as the total number of correctly remembered locations out of a maximum score of 125. Participants started with 3 practice trials (3, 4 and 5 dots shown) to familiarize them with the task before the scored trials started. No performance criteria were imposed for the practice trials.
In the modified span board task (Westerberg et al., 2004) , participants were asked to recall the spatial position of stimuli and also the order. A grayscale background was shown throughout this task. Each trial began with the presentation of a number in the center of the screen, indicating the number of squares that would be illuminated on the trial. This number was presented for 1s during the intertrial interval. On each trial, participants were shown a set of 9 small black squares irregularly spaced on the screen for 500ms. A set of squares were illuminated in white for 650ms one after the other with no temporal gap. Participants were then asked to click the squares in the order they were illuminated. There were no time limits within trials. Once clicked, the squares remained illuminated. The number of illuminated squares increased from 4-8 across a total of 25 trials, with 5 trials for each number of illuminated squares. The task was scored as the total number of squares recalled in the correct order, out of a maximum of 150. Participants completed two practice trials to become familiar with the task. No performance criteria were used for the practice trials.
Since combining tasks assessing the same cognitive construct can reduce measurement error and potentially provide a more accurate assessment, we also calculated a composite VSTM score by averaging Z-scores of the dot memory and span board tasks.
MRI data collection and processing
T1-weighted anatomical MR images (3D SPGR, 180 slices, FOV = 25.6cm, voxel size = 1mm isotropic, flip angle = 12) were collected on a 3T GE Signa scanner with an 8-channel head coil at the Seaman Family MR Research Center at the University of Calgary. We assessed gray matter volume (GMV) with voxel-based morphometry (Ashburner & Friston, 2000) in SPM12, using standard processing procedures. In brief, T1-weighted images were segmented, images were co-registered to a study specific template generated using the Dartel toolbox (Ashburner, 2007) , and subsequently normalized to standardized Montreal Neurological Institute (MNI) template space (Mazziotta, Toga, Evans, Fox, & Lancaster, 1995) . Motivated by concurrent findings of impaired VSTM and structural abnormalities in Turner syndrome, we took an ROIbased approach to assess GMV of the bilateral primary visual cortex, and right posterior IPS regions 0-2. GMV was averaged within a set of 4 ROIs; V1 (left and right combined), right IPS0, right IPS1 and right IPS2. All ROIs were defined using a probabilistic atlas (Wang et al., 2014) .
ROI Statistical analyses
We calculated correlations between the dot memory, span board and composite VSTM scores and total brain volume (TBV), in both bivariate Pearson's correlations and partial correlations controlling for sex. Next, we used partial correlations to assess associations between the dot memory, span board, and composite scores and ROI GMV, controlling for sex. For comparison with previous work, these partial correlations were conducted with and without controlling for TBV. ROI analyses were false discovery rate corrected for multiple comparisons, and statistical significance was set at p<0.05.
Whole-brain statistics
To test our hypothesis that VSTM is related to GMV of specific regions of the visual cortex and right posterior IPS, we elected to utilize an ROI-based approach. However, considering this approach might miss associations in brain areas outside of our hypothesized regions, which could be of interest in comparison to previous work (Konstantinou et al., 2017) , we utilized voxelbased morphometry to assess associations between VSTM task performance and GMV throughout the whole-brain. Images were smoothed using an 8mm full-width at half-maximum Gaussian smoothing kernel and entered into whole-brain general linear models, in which task performance on the VSTM tasks were regressed against voxel-wise GMV while controlling for sex, with and without controlling for TBV. Initial voxel-wise threshold was set at p<0.001, followed by family-wise error multiple comparison correction with cluster-wise thresholding at p<0.05.
Results
VSTM task performance
Raw scores on the span board task ranged from 75 to 138 (mean=111.1, std=18.8), and the dot memory task from 88 to 125 (mean=114.3, std=8.8). The two tasks were significantly correlated (r=0.75, p<0.001).
Association between ROI GMV and VSTM
Before testing individual ROIs, we assessed associations between VSTM scores and TBV. We found that the dot memory task and composite score were significantly correlated with TBV before (r=0.459 and 0.404 respectively, p<0.05) and after (r=0.467 and 0.368 respectively, p<0.05) controlling for sex. For the dot memory task, with exclusion of 3 lower limit outliers this correlation fell below significance in Pearson's (r=0.171, p=0.375) and partial correlations controlling for sex (r=0.179, p=0.362). We calculated associations both with and without controlling for TBV in partial correlations with ROI GMV. Before controlling for TBV, we found a trendline correlation between dot memory task performance and V1 GMV (r=0.374, uncorrected p<0.05), however this fell below trendline significance with exclusion of outliers (r=0.185, p=0.346). No significant associations were found after controlling for TBV, though interestingly, correlation coefficients were substantially reduced for all tasks when TBV was included in the model (Figure 1) .
Figure 1. Regional GMV-VSTM task correlations. Correlations between gray matter volume
and VSTM task (dot memory, span board, and composite score) performance for the four regions of interest are shown before and after correcting for total brain volume. V1 = primary visual cortex; rIPS0-2 = right intraparietal sulcus 0-2; TBV = total brain volume.
Association between voxel-wise GMV and VSTM
In whole-brain voxel-based morphometry analyses without controlling for TBV, we found dot memory scores correlated significantly with two clusters; one encompassing the right basal ganglia, limbic structures, and the hippocampus, with a peak value in the right putamen (MNI x,y,z coordinates: 19.5,9,-4.5; cluster size = 1398 voxels), the other extending from the left parietal lobe towards the superior temporal gyrus, with a peak value in the left Rolandic operculum (MNI x,y,z coordinates: -63,-12,12; cluster size=1168 voxels) (Figure 2 ). These clusters were no longer significant when TBV was controlled for, or when outliers in the dot memory score were excluded. No significant associations were found with the span board or composite VSTM scores. 
Discussion
Motivated by predictions about dorsal stream vulnerability and map theories of VSTM capacity, this study assessed correlations between VSTM performance and GMV in V1 and posterior IPS regions. For comparison with previous studies, we also assessed associations between voxel-wise GMV and VSTM at the whole-brain level. We found that TBV, but not individual regions, was a significant predictor of performance on the dot memory and VSTM composite scores in a sample of healthy young adults. At the whole-brain level, we found that GMV of clusters centered around the right putamen and left Rolandic operculum was associated with dot memory scores, though only when TBV was not accounted for. These results suggest that associations between VSTM and regional GMV are weak when TBV is accounted for.
The findings in this study are in contrast to recent work showing a significant association between V1 volume and VSTM capacity (Bergmann et al., 2016) . We note however that this study did not control for TBV in their analyses. Konstantinou et al., (2017) conducted a whole brain analysis to identify neuroanatomical correlates of location VSTM while controlling for TBV. They found that GMV in the left inferior parietal lobule, but not in V1, associated with VSTM. These findings are similar to that of our whole-brain analysis, wherein we found that performance on the dot memory task associated with GMV of left parietal and temporal regions, including a portion of the left inferior parietal lobule. Interestingly however, this association was only significant when TBV was not controlled for. Taken together these two studies and the one reported here suggest that regional GMV-VSTM associations may be relatively weak when TBV is considered, particularly in V1.
It is worth noting that discrepancies between our results and those of previous studies (Bergmann et al., 2016; Konstantinou et al., 2017) could be due to differences in the tasks utilized to assess VSTM. Konstantinou et al., (2017) showed that object and location VSTM tasks are dependent on the structure of different cortical regions. This might mean that our findings are more comparable to that of Konstantinou et al., (2017) , who similarly utilized a location VSTM task, as compared to that of Bergmann et al., (2016) , who utilized an object VSTM task. While this might limit the comparability of our results to that of Bergmann et al., (2016) , our reported associations between dot memory performance and V1 GMV (r=0.374) suggests that our studies may be similarly sensitive to GMV-VSTM relationships, though we additionally found that the specificity of regional associations was reduced when TBV was accounted for (r=0.185).
Another thing to consider in comparing tasks across studies is the extent to which executive functions play a role. It could be argued that tasks involving recollection of both location and order of stimuli, as in our span board task, might recruit cognitive control (Marshuetz & Smith, 2006) , making direct comparisons more difficult.
Despite these considerations, we feel that an important contribution of the present work is to demonstrate the importance of considering TBV when calculating brain volume -behavior correlations. We report correlation sizes before and after this correction so that future studies investigating this question may be adequately powered. We further suggest that our data do not necessarily rule out the map account of VSTM capacity (Franconeri et al., 2013) , but that perhaps the VSTM-regional GMV relationship is more subtle than previously suggested, or that a distributed set of regions beyond V1 and the posterior IPS may play a role in mediating interindividual capacity differences.
A limitation of this work is relatively small sample size. Although the study is adequately powered to detect effects of the size reported in previous work (i.e. 86% power to detect r=0.44 anatomical V1 volume association in Bergmann et al.; calculated using gPower), correlations in small samples are prone to inaccurate estimates (Rousselet, basic statistics blog, 2018) and should be interpreted with caution. Considering this, and for the sake of transparency, we report correlations with the dot memory task with and without three lower limit outlier scores included.
While removal of these outliers did affect the results, it is important to point out that the three participants in question had a poor performance on both the dot memory and span board tasks, suggesting that these scores accurately reflect the participant's VSTM capacity, and are not due to measurement error.
A second limitation of this work is the use of probabilistic/anatomically defined regions of interest, rather than functionally localized regions. The main reason for this choice is that preliminary analysis of functional localizer data collected on this sample (Bray et al., 2015) showed significant associations between performance on the functional localizer task (essentially a vigilance task) and blood-oxygen-level-dependent (BOLD) response (unpublished). That is, participants who were perhaps more fatigued and therefore less attentive showed lower BOLD amplitude, which could introduce bias. Indeed, studies on visual attention and working memory have shown associations between concurrent performance and BOLD response (Pessoa et al., 2002; Roalf et al., 2014) . We therefore chose to use probabilistic ROIs (Wang et al., 2014) , which would no suffer from this issue. However, there is a trade-off, as the mapping to individual neuroanatomy is less accurate. Though Bergmann et al., (2016) found similar results in their study when using functionally vs anatomically defined regions, suggesting this may not have influenced our results.
VSTM is an important cognitive capacity and understanding it's neuroanatomical correlates has both theoretical importance and potential clinical utility. In the present work, we found that posterior IPS regions did not associate with VSTM, and relationships between regional GMV and VSTM was weakened when TBV was controlled for. Our results suggest that regional GMV-VSTM associations, particularly in V1, may be weaker than previously suggested.
Moreover, we found a significant association between VSTM and TBV, suggesting VSTM may be more accurately described by distributed representations, in line with findings that VSTM tasks engage distributed cortical regions (e.g. Dotson et al., 2018; Pessoa et al., 2002) .
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